ABSTRACT Bacteriophage T4 DNA polymerase was inhibited by butylphenyl nucleotides, aphidicolin and pyrophosphate analogs, but with lower sensitivities than other members of the B family DNA polymerases. The nucleotides N2-(p-n-butylphenyl)dGTP (BuPdGTP) and 2-(p-n-butylanilino)dATP (BuAdATP) inhibited T4 DNA polymerase with competitive Ki values of 0.82 and 0.54 ,tM with respect to dGTP and dATP, respectively. The same compounds were more potent inhibitors in truncated assays lacking the competitor dNTP, displaying apparent Ki values of 0.001 and 0.0016 /tM, respectively. BuPdGTP was a substrate for T4 DNA polymerase, and the resulting 3'-BuPdGprimer:template was bound strongly by the enzyme. Each of the non-substrate derivatives, BuPdGDP and BuPdGMPCH2PP, inhibited T4 DNA polymerase with similar potencies in both the truncated and variable competitor assays. These results indicate that BuPdGTP inhibits T4 DNA polymerase by distinct mechanisms depending upon the assay conditions. Reversible competitive inhibition predominates in the presence of dGTP, and incorporation in the absence of dGTP leads to potent inhibition by the modified primer:template. The implications of these findings for the use of these inhibitors in the study of B family DNA polymerases is discussed.
INTRODUCTION
The DNA polymerase encoded by bacteriophage T4 (T4 pol) is a useful model for study of the structure and function of B family DNA polymerases. The enzyme contains 898 amino acids, ' and possesses both DNA polymerase and 3'-5' exonuclease activities.2 Isolation and sequence determinations of the wild type enzyme and numerous selected and engineered mutants have been described.'. 3-5 T4 pol is a member of the B family of DNA polymerases, a family that includes eukaryotic enzymes such as animal cell DNA polymerases ce, 6 and e and the corresponding enzymes from yeast. and the DNA polymerases from herpesviruses and other animal viruses and bacteriophages. 1.6.7 Because of its high amino acid sequence homology with the B family enzymes and the availability of informative mutants, the T4 enzyme represents a good model to study the structure and mechanism of the polymerase and exonuclease sites of these DNA polymerases. With respect to inhibitor profiles which are useful for classifying DNA polymerases, the T4 pol has been reported to be sensitive to inhibition by aphidicolin and the nucleotide analogs, N2-(p-n-butylphenyl)-2'-deoxyguanosine 5 -triphosphate (BuPdGTP) and 2-(p-n-butylanilino)-2'-deoxyadenosine 5'-triphosphate (BuAdATP), properties characteristic of B family DNA polymerases, but relatively insensitive to phosphonoacetic acid (PAA).8
We have studied in detail a unique series of synthetic nucleobases and nucleotides that are potent competitive inhibitors of certain replicative DNA polymerases. The purine dNTP analog BuPdGTP and its adenine counterpart BuAdATP inhibit animal cell DNA polymerase ce (pol CY)9"10 and the corresponding DNA polymerase I from yeast"' with nanomolar potency. Other polymerases in the B family are inhibited by BuPdGTP and BuAdATP but with lower potencies. Animal cell DNA polymerases 5 and c are weakly inhibited (K, ca. 100 ItM),12 '13 but HSV1, 029 and T4 DNA polymerases were reported to be inhibited in the I -10 ,uM range.8 '9 In contrast to many nucleotides that inhibit DNA polymerases largely as a consequence of incorporation into the primer:template (reviewed in ref. 13) , BuPdGTP (and probably BuAdATP) do not appear to be substrates for pol ce.14 Yet, T4 DNA polymerase which is less sensitive to BuPdGTP did incorporate this nucleotide (ref. 14 and lide infra). Significantly, the prototype family A DNA polymerase, E. coli DNA polymerase I (Klenow), was essentially insensitive to inhibition by BuPdGTP but incorporated the nucleotide with surprising efficiency. '5 The finding that wild type T4 pol could use BuPdGTP as a substrate suggested that inhibitory mechanisms of this and related compounds could be complex and could differ between nominally homologous enzymes. For the purpose of comparisons with pol cx, and to identify inhibitor probes of the active site of T4 pol, we have begun a systematic study of several classes of inhibitors, viz. butylphenyl compounds, aphidicolins and pyrophosphate analogs, against wild type and several mutant T4 DNA polymerases. We report in this paper that BuPdGTP, and probably BuAdATP. inhibit wild type T4 DNA polymerase by at least two distinct mechanisms depending on the assay conditions. * To whomi correspondence should be addresscd .'-C. 1994 Oxford University Press MATERIALS AND METHODS Materials Inhibitors. Nucleotide analogs were synthesized as described:
N2-(p-n-butylphenyl)guanine (BuPG), N2-(p-n-butylphenyl)-2'-deoxyguanosine 5'-diphosphate (BuPdGDP) and its 5'-triphosphate (BuPdGTP);'6 2-(p-n-butylanilino)adenine (BuAA) and 2-(p-n-butylanilino)-2'-deoxyadenosine 5'-triphosphate (BuAdATP);10 N2-(p-n-butylphenyl)-2'-deoxyguanosine 5'-(a, /-methylene)triphosphate (BuPdGMPCH2PP) (Yanachkov and Wright, manuscript in press in Nucleosides and Nucleotides). Aphidicolin was a gift from the Natural Products Chemistry Branch, National Cancer Institute, and aphidicolin derivatives were synthesized as described.'7 Phosphonoacetic acid (PAA) was obtained from Sigma and phosphonoformic acid (PFA) from Fluka; tetrasodium carbonyldiphosphonate (COMDP) was synthesized from tetraethyl methanediphosphonate as described. 18
Enzyme. Wild type bacteriophage T4 DNA polymerase was isolated and purified as described,'9 and was stored in aliquots of 4.2 mg protein/mL (23000 units/mL).
Oligonucleotides. The 1 7mer and 29mer oligodeoxyribonucleotides (see text for sequences) were obtained from Operon, and the 3'-BuPdG-18mer was synthesized as described. ' Primer extension reactions. These were done in 10 yL reaction volumes in 30 mM Tris-HCI, pH 7.5, containing 5% glycerol,
RESULTS
Inhibitor screening of wild type T4 DNA polymerase
The T4 DNA polymerase was assayed using activated DNA and a mixture of three dNTPs, including [3H]dTTP, but lacking the dNTP expected to be competitive with the inhibitor. (In assays of pyrophosphate analogs all dNTPS were used.) This 'truncated' assay without one dNTP represents a useful technique for detecting direct competitive inhibitors of DNA polymerases, because inhibition is amplified in the absence of the competitive substrate. We have shown that the apparent K. values for reversible, competitive inhibitors derived from the truncated assay are identical to those obtained from classical variable substrate analyses. 32' Most DNA polymerases will support synthesis in the absence of one substrate at a level sufficient to serve as 'control' incorporation. It is essential, however, that a balance of high specific activity of labelled dNTP and short assay times, where incorporation of label remains linear with time, be established for such assays to be useful.'3 Incorporation of [3H]dTTP by T4 DNA polymerase under the truncated conditions used in this work was linear for up to 30 minutes, and all such inhibitor assays were done for 10 minutes. Results of the testing of base, nucleotide, aphidicolin and pyrophosphate analogs against wild type T4 polymerase are summarized in Table  1 . The potent inhibition of the T4 enzyme by BuPdGTP and BuAdATP, i.e. apparent K, values of about 1 nM, was similar to that reported for DNA polymerase aC.9'10 However, the apparent Ki value of 1 nM in the 10 minute assay (Table 1) fell to 60 pM in a 30 minute assay. Considering that the T4 enzyme, but not pol ae, was shown to incorporate BuPdGTP, 14 we considered the possibility that incorporation of the modified nucleotides resulted in a product that was strongly inhibitory to the enzyme (see below). The corresponding nucleobases, BuPG and BuAA, although much weaker inhibitors than the nucleotides, had potencies similar to those reported for the bases against pol a, 10.22,23 and inhibition in each case was reversed specifically by the competitor nucleotide as expected (results not shown).
Aphidicolin showed significant inhibition of the enzyme, with an apparent Ki of 10 /tM in the absence of dCTP, although this is at least tenfold weaker that its potency against HSV 1 pol24 and animal cell pols a, 6 and E. 12,25 Two analogs of aphidicolin were in Figure 1 A derivative of BuPdGTP that would be a true triphosphate analog, but one that was expected to be non-incorporable by DNA polymerases, was sought. We, therefore, synthesized the a, 3-methylene derivative BuPdGMPCH2PP (manuscript in press) and tested its effects on the T4 DNA polymerase.
BuPdGMPCH2PP inhibited T4 pol with a Ki of 2.5 ItM in the assay lacking dGTP (Table 1 ). In the variable substrate assay, the Lineweaver-Burk plot indicated that this phosphonate was competitive with dGTP, with K1 = 2.3 0.5 ,tM ( Figure ID) .
These results suggested that BuPdGMPCH2PP was a nonsubstrate, competitive inhibitor of the enzyme in both truncated and variable competitor conditions. Indeed, neither BuPdGMPCH2PP nor BuPdGDP at 10 /tM showed detectable incorporation in primer extension reactions with T4 pol under conditions where BuPdGTP itself completely converted primer to 3'-BuPdG-primer (see below).
Incorporation of BuPdGTP by T4 DNA polymerase The greater apparent potencies of BuPdGTP and BuAdATP in truncated assays lacking the competitive substrates (Table 1 ) than in assays containing those substrates (Figure 1 ) suggested that the inhibitors are incorporated into primers at dGTP and dATPrequiring sites, respectively, in the absence of the competitive substrate, and that the resulting 3'-modified-primer:templates strongly bind the enzyme in an unproductive complex. Indeed, the degree of inhibition of T4 DNA polymerase by 1.25 jzM BuPdGTP (83 ±i 3.5 %) did not vary during the linear period (16 minutes) of an assay containing a limiting concentration of dGTP ( 
IM).
In an attempt to understand the molecular mechanism(s) of BuPdGTP-T4 pol interactions, we utilized synthetic primer:templates and denaturing polyacrylamide-urea gel electrophoretic (PAGE) analysis of products to study the effects of BuPdGTP at a single incorporation site. gave full conversion of 17mer to 29mer in the presence of 25 yM dNTPs without substantial primer degradation due to 3' to 5' exonuclease activity.
The results of the primer extension assays are summarized in Figure 2 . Both dGTP (lane C) and BuPdGTP (lane D) gave products migrating as 18mers with weak bands at lengths of 14-16 resulting from 3 '-5' exonuclease degradation. However, when the next substrate dTTP was present in the reaction, extension to the l9mer only occurred when dGTP was the substrate (lane A); no extension of the putative BuPdG-18mer was detected in the presence of 100 ,uM dTTP (lane E).
Comparison of this result with that from direct incubation of enzyme with synthetic 3'-BuPdG-18mer:29mer revealed that the modified primer was also not extended with dTTP (lanes G and
The results in lane I of Figure 2 suggested that 3'-BuPdGmodified primers were resistant to exonucleolytic cleavage by the T4 enzyme. A more complete study (Figure 3 ) indicated that this resistance is relative. Incubation of double stranded 3'-BuPdG-18mer:29mer with enzyme alone resulted in degradation of primer, but with a half life greater than 80 min (lanes K-0). In contrast, double stranded 17mer:29mer degraded to near completion in 10 min (lane B). Single stranded 3'-BuPdG-18mer was degraded rapidly by the enzyme (lanes E-J), however, with a half life of less than 10 min. Thus The similar potency of the a, f-methylene triphosphate derivative BuPdGMPCH2PP in truncated and variable substrate assays is fully consistent with its inability to be a substrate for T4 DNA polymerase. Furthermore, its potency is only about threefold lower than that of BuPdGTP in the variable substrate assay, indicating a small effect of the methylene substitution on binding of the nucleotide. The finding that BuPdGMPCH2PP inhibited calf thymus DNA polymerase a in the truncated assay with K1 = 9.5 nM, only fivefold lower than that of BuPdGTP (manuscript in press), indicates that this analog will be of significant use in studying affinities of butylphenyl nucleotides for B family DNA polymerases in the absence of incorporation.
Despite protein sequence similarities, B family DNA polymerases differ quantitatively and qualitatively in their response to the butylphenyl nucleotides. In addition to the T4 DNA polymerase described in this work, several of the polymerases with intermediate sensitivity to BuPdGTP 
